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ABSTRACT 

This  report  is  the  second  part  of  the  report  entitled  "Absorption  Coefficient 
of  Alkali  Halides."  In  this  second  report,  data  analysis  on  the  absorption 
coefficient  in  the  multiphonon  absorption  region  is  carried  out  for  LiF,  NaF, 
NaCl,  KC1,  KBr  and  KI.  An  equation  is  formulated  to  describe  absorption  coef¬ 
ficient  as  a  function  of  both  frequency  and  temperature.  Constants  in  the 
equation  were  determined  based  on  data  fitting  calculations  and  empirical 
correlations.  In  view  of  that  the  Urbach  Rule  is  applied  to  the  uv  absorption 
edge  of  the  transparent  region,  our  equation  is  considered  as  its  matching  rule 
in  the  ir  absorption  edge.  Comparing  with  the  Deutsch's  exponential  equation, 
the  proposed  equation  includes  the  temperature  as  an  additional  independent 
variable.  The  calculated  values  are  in  concordance  with  the  experimental  data. 

Key  Words:  absorption  coefficient,  optical  constants,  alkali  halides. 
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1.  INTRODUCTION 


This  report  is  the  second  part  of  the  technical  report  entitled  "Absorption 
Coefficients  of  Alkali  Halides."  Material  presented  in  the  first  report  is 
essentially  the  up-to-date  knowledge  of  available  data.  In  this  second  report, 
results  on  the  data  analysis  are  given,  particularly  for  the  temperature  depen¬ 
dence  of  absorption  coefficient  in  the  infrared  wavelength  region. 

A  typical  absorption  spectrum  of  alkali  halides  is  shown  in  Figure  1.  The 
fundamental  transparent  region  of  alkali  halides  is  defined  between  the  Urbach 
tail  and  multiphonon  absorption.  In  the  high  transparent  region,  the  trans¬ 
parency  of  the  material  is  limited  by  many  factors,  notably  the  crystal  vacancies, 
dislocations,  impurities,  surface  contamination,  etc.  Extrinsic  absorption  due 
to  these  origins  can  be  reduced  through  appropriate  crystal  growing,  annealing, 
and  surface  cleaning  processes. 

Investigation  of  the  Urbach  tail  region  may  serve  as  an  indicator  to  show 
the  extent  of  impurity  and/or  defect  contents.  As  generally  observed,  the 
purer  the  sample  is,  the  greater  the  validity  of  Urbach  rule  is  extended  to  the 
transparent  region.  By  comparing  the  absorption  spectrum  at  the  Urbach  tail, 
the  purer  sample  is  self-revealed.  Studies  on  the  Urbach  rule  have  been  carried 
out  by  many  workers,  notably  Haupt  [1],  Martienssen  [2],  Kobayashi  and  Tomiki 
[3],  Miyata  and  Tomiki  [A],  Tomiki  and  Miyata  [5],  Sano  [6],  Tomiki  [7],  and 
Tomiki  et  al.  [ b ] .  Result  of  these  works  is  an  expression  for  the  intrinsic 
absorption  coefficient  in  the  tail  region,  of  the  form: 

a(E,T)  =  aQ  expt-Og(T)(Eo-  E)/kT), 


and 


where 


a  (T)  =  a  ^  tanh 
s  so  hf 

o 


hf 
_ o 

2kT 


E  =  photon  energy  in  units  of  eV 
T  =  temperature  in  units  of  K 
k  =  the  Boltzmann  constant 
h  =  the  Plank  constant. 


(1) 


The  parameters  aQ,  ago,  EQ,  and  fQ  for  various  alkali  halides  are  given  in 
Table  1. 


Figure  1.  Schematic  Absorption  Spectrum  of  an  Alkali  Halide  in  Semilogarithismic  Scale 
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Absorption  in  the  multiphonon  region  has  been  of  current  interest  because 
of  its  application  in  windows  for  high-power  infrared  lasers.  At  the  frequencies 
in  this  region,  the  absorption  can  be  attributed  to  "intrinsic"  processes  in¬ 
volving  several  phonons  or  to  defect  modes  involving  impurities,  vacancies,  or 
surface  contaminations.  Available  data  in  the  multiphonon  region  indicate  that 
the  intrinsic  absorption  coefficient  can  be  expressed  as  an  exponential  function 
of  frequency.  A  number  of  investigations  have  been  conducted  to  calculate  the 
frequency  and  temperature  dependence  of  the  intrinsic  multiphonon  absorption. 
Deutsch  [9]  found  that  the  exponential  dependence  of  the  absorption  coefficient 
on  frequency  holds  for  LiF,  NaCl,  KC1,  and  KBr  at  room  temperature,  i.e., 

-v/v 

a  =  a  e  0  (2) 

o 

As  discussed  in  the  first  report,  we  have  found  that  this  exponential  relation 
is  also  applicable  in  the  cases  of  NaF  and  KI.  The  parameters  aQ  and  of 
various  crystals  are  given  in  Table  2. 

With  regard  to  the  theoretical  works  that  consider  the  temperature  dependence 
of  absorption  coefficient,  the  results  are  not  quite  satisfactory.  As  a  theoret¬ 
ical  approach  to  solve  the  problems  is  beyond  the  scope  of  this  work.  Section  2 
briefly  discusses  the  absorption  mechanisms  and  theoretical  works  in  the  inter¬ 
pretation  of  the  absorption  spectrum.  The  interested  reader  is  referred  to 
the  references  given  in  that  section. 

All  the  theories  dealing  with  the  temperature  dependence  of  absorption 
coefficient  have  attempted  to  resolve  the  problems  encountered  over  the  entire 
temperature  range,  from  helium  temperature  up  to  the  melting  point  of  the 
crystals.  In  the  area  of  high-power  laser  applications,  however,  the  absorption 
coefficient  measured  at  high  temperatures  are  actually  used.  Therefore,  from 
the  practical  point  of  view,  our  data  analysis  was  performed  in  the  temperature 
region  above  room  temperature.  Toward  this  end,  we  present  in  Section  3  the 
available  data  in  the  multiphonon-absorption  region  at  various  temperatures  in 
both  graphical  and  tabular  forms,  so  that  the  reader  can  quickly  grasp  the 
essence  of  absorption  behavior  with  respect  to  frequency  as  well  as  temperature. 
Section  4  is  dedicated  to  discussions  for  data  analysis  and  details  of  how  the 
final  expressions  of  frequency  and  temperature  dependences  of  absorption  coeffi¬ 
cient  were  obtained.  Recommended  and  provisional  values,  calculated  based  on 
these  expressions,  are  also  given  in  this  section. 


Section  5  summarizes  this  investigation  and  recommends  further  research  o 
resolve  unsolved  problems.  Sources  from  which  either  experimental  data  or 
theoretical  results  were  obtained  are  given  in  Section  6,  the  reference  section 
of  this  part  of  the  report. 

It  should  be  noted  that  the  substances  reported  in  Part  I  were  for  LiF, 
NaF,  NaCl,  KC1,  KBr,  KI,  and  Csl.  However,  collection  of  data  on  the  absorp¬ 
tion  coefficient,  reflectivity,  and  transmission  for  the  remaining  13  alkali 
halides  was  also  conducted  during  the  course  of  the  present  work.  In  order  to 
provide  the  reader  a  complete  profile  of  optical  constants  of  alkali  halides 
as  a  whole,  available  data  on  these  materials  are  reported  in  the  tables  of 
the  Appendices. 
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2.  FUNDAMENTAL  ABSORPTION  MECHANISMS  AND  THEORIES 

This  section  contains  a  review  of  what  is  known  about  the  physical  mechanisms 
that  are  responsible  for  the  small  residual  absorption  in  the  transparent  in¬ 
frared  wavelength  regions  and  a  brief  discussion  on  the  multiphonon  absorption 
theories.  It  is  convenient  to  separate  the  origins  that  give  rise  to  residual 
absorption  into  two  classes,  the  extrinsic  and  intrinsic.  Extrinsic  absorptions 
are  those  associated  with  unwanted  impurity  atoms  and  molecules,  deviations  from 
stoichiometry,  lattice  defects  and  surface  contaminations.  The  intrinsic  ab¬ 
sorption  are  those  due  to  the  electronic  and  vibrational  absorptions  in  an  ideal 
crystal  of  some  specified  composition.  In  practice,  extrinsic  absorptions 
appear  to  be  more  troublesome  in  the  best  of  currently  available  materials  and 
there  are  no  appropriate  means  to  completely  eliminate  the  objectionable  ab¬ 
sorptions  in  optical  materials. 

In  a  given  crystal,  the  total  absorption  can  be  considered  as  simply  a 
superposition  of  the  absorption  from  various  origins.  The  total  absorption 
coefficient,  Ot(v) ,  at  frequency  V  is  well  approximated  by 

a(v)  =  I  No  (v),  (3) 

i  1  1 

where  the  sum  is  over  the  various  modes  and  types  of  imperfection.  N.  is  the 
number  density  of  the  i-th  mode  or  type  and  is  the  corresponding  absorption 
cross-section. 

In  both  of  the  extrinsic  and  intrinsic  absorptions,  the  processes  that 
give  rise  to  O^(v)  may  be  of  three  general  types:  (1)  lattice  vibration, 

(2)  free-carrier  absorption,  and  (3)  electronic  excitation. 

2.1.  Lattice  Vibration  Absorption 

There  have  been  a  number  of  recent  studies  on  how  the  infrared  absorption 
drops  off  as  the  frequency  becomes  much  greater  than  the  fundamental  lattice 
frequencies.  These  studies  have  been  mainly  on  the  alkali  halides  and  alkaline 
fluorides.  In  the  highly  purified  samples,  the  absorption  coefficient  exhibits 
an  exponential  fall-off  over  two  to  four  decades  to  the  lowest  values  of  a  that 
can  be  measured.  Equation  (2)  was  established  based  on  data  obtained  on  pure 
crystals.  Whether  this  exponential  absorption  tail  is  characteristic  of  all 
other  classes  of  materials  is  not  known. 
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Presence  of  impurities  can  complicate  the  exponential  tail,  particularly 
at  low  absorption  levels.  The  impurities  may  enter  the  lattice  singly  or 
multiply  in  a  number  of  various  types  of  configurations.  Unfortunately,  the 
impurity  atoms  or  molecules,  which  appear  to  produce  troublesome  absorptions 
near  10.6  and  2-5  pm,  have  not  yet  been  studied  adequately.  These  impurities 
are  primarily  the  oxygen  and  hydroxyl  radicals  whose  absorptions  are  centered 
at  about  3,  9  and  13  pm.  The  absorption  cross  sections  due  to  these  impurities 
are  in  the  range  of  10  18  to  10  20  cm2. 


2.2.  Free-Carrier  Absorption 


Free  carriers  either  intrinsic  or  caused  by  impurities  contribute  a  term, 
ag,  to  the  absorption  which  can  be  correlated  roughly  with  the  dc  resistivity. 
Except  in  the  very  pure  nonpolar  crystals,  the  free-carrier  collision  time, 

T,  is  on  the  order  of  an  infrared  period  (i.e.,  VT  <  1).  Under  this  condition, 
the  resistivity  at  that  frequency  is  not  much  different  from  the  dc  resistivity 
and  can  be  approximated  by  the  Drude  formula 


a  (v) 

e 


[30/p  n(v) ] 
-  cm 

(1  +  v2t2) 


(4) 


where  p  is  the  dc  resistivity  in  units  of  ohm-cm  and  n(v)  is  the  refractive 
index  at  frequency  V.  Although  free-carrier  absorption  is  negligible  for 
alkali  halides,  high  intensities  of  laser  beam  may  increase  the  free-carrier 
concentration  by  photo-excitation. 


2.3.  Electronic  Absorption 


In  the  consideration  of  infrared  transparency  of  the  materials,  only  those 
with  band  gap  much  higher  than  the  infrared  frequencies  are  considered.  In 
the  case  of  alkali  halides,  electronic  excitation  contributes  little  to  the 
infrared  absorption.  Those  which  do  affect  the  infrared  absorption  have  their 
origins  due  to  heavy  impurities. 


Heavy  impurities  generally  have  so  low  vibration  frequencies  that  the 
wing  of  their  vibrational  absorption  contributes  negligibly  at  laser  wavelengths. 
However,  heavy  impurities  may  contribute  to  infrared  absorption  via  their  elec¬ 
tronic  absorption  tail.  Assuming  the  impurity  electronic  absorption  is  a 
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Lorentzian  line  at  Vq  and  of  half  width  Av,  then  the  absorption  cross  section 
is  given  by 

o  (v)  ■  4f  r  c  Av[  (v  -  v  )  2  -  (v  +  v)  2  ]cm2  (5) 

e  Z  e  e  e 

where  r  is  the  classical  electron  radius,  c  is  the  velocity  of  light  and  f'vl 
e 

is  the  f-number  of  the  transition.  In  the  infrared  where  V  «  Vg  eq.  (5)  is 
simplified  to 


0  (v)  =  2fr 
e  e 


(6) 


It  is  well  known  that  the  half  width,  Av,  of  heavy  impurities  is  generally  very 
large  and  consequently  contributes  noticably  to  absorption  in  the  infrared. 


2.4.  Surface  Absorption 

Surface  absorption  can  affect  high-power  laser  window  materials  in  many 
ways.  The  heat  due  to  absorption  can  cause  distortions  of  the  optical  phase 
front.  In  the  case  of  fragile  surfaces,  such  as  of  the  alkali  halides,  the 
surface  may  develop  cracks  which  subsequently  propagate  or  enlarge,  or  become 
hygroscopic.  When  anti-reflection  coatings  are  used,  surface  absorption  may 
tend  to  dislodge  or  evaporate  the  coatings.  The  theory  of  surface  absorption 
may  be  thought  of  in  terms  of  the  same  mechanisms  that  were  discussed  for  bulk 
absorption.  The  most  commonly  observed  surface  absorptions  are  those  associated 
with  oxygen  and  hydroxyl  radicals  whose  absorptions  are  centered  respectively 
at  2.8  and  9.3  pm  in  various  crystals. 

The  fractional  power  of  radiation,  ag,  absorbed  at  the  surface,  is  expressed 
in  the  same  form  as  eq.  (3): 

a  (v)  ■  E  M.a. (v),  (7) 

S  i  II 

where  a  is  in  units  of  cm  2,  M.  is  the  number  of  imperfections  of  i-th  type 
s  i 

per  unit  surface  area,  and  carries  the  same  meaning  as  those  in  eq.  (3). 

In  many  cases,  a  is  estimated  to  be  in  the  order  of  10  3  per  unit  surface 
area.  Although  this  is  a  significant  figure  in  high-power  laser  operations, 
it  is  very  difficult  to  eliminate  with  the  existing  technology.  Moderate  re¬ 
duction  of  ag  can  be  achieved  through  improved  crystal  growing  techniques  and 
surface  polishing. 
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2.5.  Processes  in  Multiphonon  Absorption 

Ever  since  the  advent  of  high-power  infrared  lasers,  the  numerical  values 
of  absorption  coefficient  of  window  materials  attracted  much  attention  and  have 
been  receiving  serious  consideration  in  the  wavelength  regions  where  absorption 
is  low.  Because  the  wavelength  regions  of  laser  interest  are  located  at  the 
tails  of  the  fundamental  absorption  bands,  a  number  of  theoretical  and  experimental 
investigations  in  the  multiphonon  absorption  region  have  been  carried  out  in 
order  to  define  the  intrinsic  limits  on  the  absorption. 


The  exponential  frequency  dependence  of  absorption  coefficient  on  the  high 
frequency  side  of  the  fundamental  absorption  band  has  been  interpreted  by  a 
multiphonon  absorption  theory,  in  which  the  fundamental  process  which  contributes 
to  the  absorption  is  that  a  photon  is  absorbed  by  the  crystal  through  the  virtual 
excitation  of  the  fundamental  (TO  mode)  phonon  which  in  turn  emits  n  phonons. 

The  various  processes  involved  in  such  a  transformation  are  best  demonstrated 
through  a  schematic  representation.  Shown  in  Figure  2  are  typical  processes 
of  n-phonon  creation:  (a)  absorption  of  a  photon  and  creation  of  a  TO  phonon 
through  the  dipole  moment  interaction  (open  circle),  and  subsequent  decay  of 
the  TO  phonon  into  other  phonons  through  anharmonic  interactions  (closed  circles), 
(b)  direct  creation  of  phonons  by  a  photon  through  higher  order  electric  moment 
interactions  (open  square),  (c)  same  process  as  in  (b)  with  subsequent  decay 
of  the  created  phonons,  (d)  the  sum  of  all  processes  of  n-phonon  creation 
equivalent  to  the  creation  of  n  phonons  by  a  single  process  with  a  "renormalized" 
nth  order  interaction  vertex  (open  hexagon).  The  anharmonic  absorption  coeffi¬ 
cient,  aA>  is  the  sum  of  n-phonon  absorption,  ot^. 


a.  =  £  a  . 

A  n  n 


(8) 


2.6.  Theories  on  the  Multiphonon  Absorption 

The  bulk  of  the  theories  concerning  multiphonon  absorption  were  developed 
during  the  years  of  1972  to  1974.  Essential  simplification,  modification  and 
improvement  of  these  theories  were  also  made  during  these  years.  Currently, 
our  understanding  of  multiphonon  absorption  is  basically  at  the  same  level  as 
in  1974. 


V 


yJ\S\S\j  Photon 
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The  intrinsic,  absorption  may  be  due  to  two  possible  mechanisms-.  the 
anharmonic  coupling  of  phonons  to  the  fundamental  phonon  and  the  displacement- 
induced  electric  moment  of  the  ions,  which  may  couple  directly  to  the  radiation. 
The  former  is  termed  as  anharmonicity  (corresponding  to  (a)  in  Figure  2)  and 
the  latter  as  higher-order  moment  (corresponding  to  (b)  in  Figure  2).  Although 
these  two  mechanisms  are  not  totally  distinct,  as  both  result  physically  from 
charge  overlap,  traditionally,  they  have  been  treated  differently.  For  the 
highly  ionic  crystals,  the  constituent  molecules  are  less  polarizable  and 
therefore  the  effect  of  the  higher-order  moment  is  expected  to  be  less  important. 
As  a  consequence,  the  bulk  of  investigations  on  ionic  crystals  was  centered  on 
the  anharmonically  induced  absorption. 

There  are  two  fundamentally  different  approaches  in  the  calculation  of 
the  anharmonic  absorption  in  ionic  crystals.  Each  of  them  requires  the  solution 
of  the  harmonic  lattice  problems  followed  by  a  perturbation  treatment  of  the 
anharmonicity.  Spark  and  Sham  [10,11]  and  McGill  et  al.  [12,13]  employed 
diagrammatic  techniques  for  evaluation  of  the  Green's  function,  while  Bendow 
and  Bendow  et  al.  [14-18]  used  the  equation-of-motion  method.  As  detailed 
discussion  on  the  theories  is  beyond  the  scope  of  the  present  work,  the  inter¬ 
ested  reader  is  referred  to  additional  references  [19-23].  Expressions  for 
as  obtained  in  the  literature  are  rather  complicated.  In  the  following,  we 
will  give  the  basic  part  of  the  expressions  from  two  versions  of  theories, 
that  of  Sparks  and  Sham  and  Bendow  et  al. 

2.7.  Expressions  for  Multiphonon  Absorption 

Sparks  and  Sham  [10,11],  in  an  attempt  to  explain  the  nearly  exponential 
behavior  of  absorption,  proposed  the  n-phonon  summation  process  in  which  the 
photon  is  absorbed  by  the  crystal  through  the  virtual  excitation  of  the  funda¬ 
mental  phonon  which  in  turn  emits  n-phonons.  In  other  words,  the  electromagnetic 

field  drives  the  fundamental  phonon  off  resonance  (since  V  >  V  )  whose  relaxation 

K 

frequency  is  determined  by  the  sum  of  all  possible  processes  of  splitting  the 
fundamental  phonon  into  n  normal  modes  of  lattice  vibration.  Using  the  results 
and  notations  of  Sparks  and  Sham,  the  corresponding  anharmonic  absorption,  a^, 
as  a  function  of  frequency  U)  is: 
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(u)2-w2)2  +  [u)frn(uO]' 


(9) 


where  N  is  the  number  of  unit  cells  in  a  sample  of  volume  e*  is  the  Born 
effective  charge;  c  is  the  velocity  of  light;  m^_  the  reduced  mass  of  the  two 
ions  in  a  unit  cell;  n^  is  the  refractive  index  at  w;  is  the  frequency  of 
the  fundamental  mode  and  is  the  relaxation  frequency  of  the  fundamental 
mode.  It  is  clear  that  the  central  attention  of  the  theory  is  in  the  calcula¬ 


tion  of  r 


The  value  of  can  be  calculated  from  the  standard  perturbation- 


theory  expression  for  the  n-Boson-summation  relazation  frequency  [29] 


r  (u>)  =  —  (n+l)2n!  E  lA(fQ,...Q  )|2  Mq)6(u>n 
n  h2  n  n  n  n 

n  Qi---Qn 
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where  is  the  phonon  mode  with  wave  vector  q^  and  branch  b  ^ ; 


q  is 


n 

Z 

j-1 
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n 

oi  is  (oi  -  E  w  ) ; 

3=1  ^3 

A  is  the  modified  Kronecker  6  which  is  unity  when  the  argument  is  zero  or  a 
reciprocal-lattice  vector  and  zero  otherwise,  and 


n  n.  +  1 

n  =  n  ^ -  (11) 
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and 


n  =  (ehU)/kT  -  l)"1  (13) 

(0 

where  k  is  the  Boltzman  constant  and  n,  and  n  are  Bose-Einstein  population 

j  0) 

factors.  The  factor,  A(fQj...Q )  denotes  the  renormalized  vertex  corresponding 
to  Figure  2 (d) . 


Bendow  et  al.  [15]  introduced  an  anharmonic  perturbative  potential  into 
the  Hamiltonian  of  the  phonon.  This  potential  is  considered  as  a  portion  of  the 
full  lattice-interaction  potential  in  the  form  of  a  sum  of  interactions  between 
pairs  of  atoms  in  the  crystal  under  the  assumption  that  the  electronic  motion 
is  completely  separated  from  the  ionic  motion  (i.e.t  adiabaticity )  and  that  the 
point-ion  model  is  valid.  As  the  lattice  is  set  in  vibration,  the  perturbing 
potential  contains  cubic  or  higher  order  terms  of  displacement.  Their  results, 
when  all  lengths  are  scaled  in  units  of  the  lattice  constant  aQ,  can  be  written 
as: 
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where  Eq  is  the  static  dielectric  constant,  is  the  optical  dielectric  constant; 
Pp  =  IT/  (uu^a  z)  is  the  dimensionless  reduced  mass;  c  is  the  velocity  of  light; 
r^  is  the  nearest  neighbor  equilibrium  spacing;  M  is  the  coordination  number, 
is  the  vertex  correction  factor  [11];  and  n  is  the  Bose-Einstein  population 
factor . 


Reviewed  above  are  typical  theories  in  the  interpretation  for  the  multiphonon 
absorption.  Modifications  and  simplifications  have  been  made  by  a  number  of 
later  investigators,  notably  by  Boyer  et  al.  [28]  and  Harrington  et  al.  [27]. 

All  of  the  theories  indicate  that  corresponding  to  a  given  n  there  is  an  n-phonon 
absorption  centered  at  the  frequency  nw^  and  that  the  observed  absorption  spec¬ 
trum  actually  corresponds  to  the  convolution  of  all  possible  n's.  It  is  there¬ 
fore  expected  to  see  structure  features  in  the  spectrum.  In  practice,  however, 
the  structure  is  observable  only  at  low  temperatures.  At  room  temperature,  the 
spectrum  is  well  represented  by  an  exponential  law  of  the  form  of  eq.  (2). 


2.8.  Temperature  Dependence  of  Multiphonon  Absorption 

Although  the  existing  theories  do  predict  the  exponential  dependence  of  the 
absorption  coefficient  as  a  function  of  frequency  at  room  temperature,  with 
regard  to  the  temperature  dependence  of  absorption,  theories  have  not  been  very 
successful.  In  these  theories,  the  phonons  are  considered  as  bosons  and  thus 
lead  to  the  following  expression: 
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a  ^  (n  +  l)n  -  (n)n 
n 


(15) 


where  n  Is  the  usual  Bose-Eistein  population  factor  as  given  in  eqs.  (12)  and 

(13).  The  transition  matrix  elements  are  assumed  to  be  essentially  temperature 

independent.  After  rearrangement  of  eq.  (15),  the  coefficient  a.  can  be  ex- 

A 

pressed  as  a  function  of  temperature  given  by 


a  -u  1  -  exp(-nWkT) 

A  [1  -  exp  (-ntiw/kT)  ]n 


(16) 


where  uj  is  phonon  frequency  and  nw 
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photon' 

In  the  limit  where  kT  »  hui,  we  have 
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Disagreement  in  the  value  of  n  is  indicated,  however,  by  the  best  available 
experimental  data  [28,30,31].  Subsequent  modification  of  the  theory,  by  taking 
into  consideration  the  temperature  dependence  of  the  physical  parameters  used 
in  the  theory  [32],  some  qualitative  improvement  is  noted. 
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3.  DATA  IN  THE  MULTIPHONON  ABSORPTION  REGION 

Although  the  bulk  of  available  data  on  the  absorption  coefficient  was  given 
in  Part  I,  data  sets  belonging  to  the  multiphonon  absorption  and  laser  wavelength 
region  are  intermingled  with  those  of  other  regions  with  the  consequence  that 
it  becomes  inconvenient  for  comparison.  It  is  therefore  desirable  to  collect 
the  appropriate  data  sets  and  to  tabulate  them  in  a  condensed  version  for  ease 
of  comparison.  Furthermore,  the  collected  data  sets  are  appropriately  ordered 
chronologically  and  replotted  in  enlarged  scales  for  better  resolution  so  that 
the  behaviors  of  the  absorption  coefficient  with  respect  to  frequency  and  tem¬ 
perature  can  be  easily  observed. 

Errors  in  observed  data  on  the  absorption  coefficient  usually  amount  to 
±5-10%  for  high  absorption  levels,  inaccuracies  progressively  increasing  with 
decreasing  absorption  level,  a  natural  consequence  of  decreasing  in  instrumental 
sensitivity.  There  is  no  clear  cut  demarcation  separating  the  high  and  low 
absorption  levels.  A  reasonable  criterion  may  be  based  on  the  type  of  measuring 
technique  used.  In  general,  absorption  coefficients,  which  can  be  measured 
with  high  degree  of  reliability  by  directly  observing  the  decay  of  light  through 
the  crystal  or  indirectly  deduced  from  reflectivity  and/or  transmission  measure¬ 
ments,  are  considered  as  high  absorption  with  the  lower  limit  approaching 
0.1  cm  1  or  higher.  Lower  absorption  has  to  be  determined  by  a  high  sensitivity 
method,  such  as  laser  calorimetry. 

Non-experimental  errors  are  added  to  the  data  when  these  are  reported 
only  graphically  with  no  accompanying  tabulation  reporting  all  relevant  signi¬ 
ficant  figures.  Additionally,  inadequate  scales  used  in  graphic  data  presenta¬ 
tion  further  contribute  significantly  to  data  uncertainties  to  point  which  may 
make  the  data  unacceptable. 

As  the  order  of  magnitude  of  absorption  coefficient  varies  over  a  wide 
range,  from  10  6cm  1  to  106cm  1 .  It  is  convenient  to  present  the  data  in  powers 
of  ten.  In  the  tables  of  absorption  coefficient,  the  numerical  value  1.259E±n 
stands  for  1.259  x  10'n. 


3.1.  Lithium  Fluoride,  LiF 


Available  absorption  coefficient  data  of  LiF  are  plotted  in  Figure  3  and 
given  in  Tables  3  and  4.  Each  data  set  appears  as  nearly  straight  line  in  the 


Absorption  Coefficient,  cm 
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Wavenumber ,  cm 


Figure  3.  Absorption  Coefficient  of  Lithium  Fluoride  in  the  Multiphonon  Region 


SUMMARY  OF  MEASUREMENTS  OM  THE  ABSORPTION  COEFFICIENT  OF  LITHIUM  FLUORIDE 


USED  TO  DETERMINE  ABSORPTION-COEFFICIENT  DATA  EXTRACTED  FROM  A 
FIGURE. 


TABLE  3.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  LITHIUMFLUORIDE  (HAUENUMBER  DEPENDENCE)  (CONTINUED) 
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semilogarithmic  scale.  Hohls  [33]  obtained  room  temperature  absorption 
coefficients  by  observing  the  decay  of  light  through  plane-parallel  plates  of 
various  thicknesses.  The  results  were  claimed  to  be  accurate  within  ±5%.  His 
data  points  define  fairly  well  a  straight  line  except  the  point  at  low  absorp¬ 
tion.  Causes  of  this  deviation  might  be  due  to  low  sensitivity  of  the  experi¬ 
mental  apparatus  and  impurities  of  the  samples,  which  were  quite  common  in 
early  measurements.  Trace  of  LiNC>3  impurity  was  detected  which  contributed  to 
absorption  in  the  spectral  region  centered  at  2000  cm  . 

Klier's  [34]  data  were  obtained  by  using  a  similar  method  with  consideration 
of  the  effect  due  to  internal  multiple  reflection.  The  investigation  was  made 
at  four  distinct  temperatures  and  the  errors  of  his  results  amounted  to  ±5  to 
10%.  His  room  temperature  values  are  systematically  lower  than  those  of  Hohls. 

A  possible  cause  of  such  discrepancies  may  be  attributed  to  the  thinness,  in 
the  order  of  tens  of  micrometer,  of  the  samples  that  Klier  used,  in  which 
surface  absorption  may  predominate  the  bulk  absorption. 

In  the  investigation  on  the  effect  of  melting  on  the  multiphonon  absorption 
spectra.  Barker  [35]  made  a  systematic  observation  in  the  temperature  range  from 
300  to  1160  K  on  samples  of  high  purity.  The  random  error  in  his  results  varied 
between  about  0.03  cm  1  at  low  a  (a+0)  and  0.3  cm  1  at  high  a  (a-*10  cm  ').  As 
shown  in  Figure  3,  the  plots  of  Barker's  data  are  straight  lines  except  at  low 
a's.  These  deviations  owe  their  origins  to  possible  graph  reading  errors. 

Barker  published  his  results  in  a  graphical  form  where  a  values  were  plotted  on 
a  linear  scale,  hence  the  large  uncertainties  in  the  read-out  of  low  values. 

The  observed  absorption  spectrum  for  LiF  melt  indicate  a  10%  increase  in  absorp¬ 
tion  as  the  melting  point  is  traversed. 

Using  the  differential  technique,  Deutsch  [9]  was  able  to  determine  the 
absorption  coefficient  of  LiF  crystal  with  better  accuracy  and  to  identify  bulk 
and  surface  contributions  to  the  total  absorption.  Errors  in  his  results  were 
estimated  based  on  the  transmission  values,  T.  At  T  'v  0.9  the  error  is  ±10% 
while  at  T  ^  0.5  it  is  about  3%. 

Kachare  et  al.  [36]  obtained  absorption  coefficients  from  a  Kramers-Kronig 
analysis  on  the  reflection  spectrum.  Large  uncertainties  in  the  results  are 
expected . 
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Among  the  data  from  various  authors,  comparison  can  be  made  only  for 
room  temperature  results  as  data  at  other  temperatures  are  scarce.  As  indicated 
in  Figure  3,  agreement  between  the  results  of  Holhs,  Barker  and  Deutsch  is  well 
within  their  experimental  errors.  It  is  therefore  reasonable  to  believe  that 
Barker's  results  at  other  temperatures  are  reliable  to  the  quoted  limits  of 
error. 

Based  on  the  above  considerations,  data  by  Barker,  Deutsch  and  Holhs  are 
used  as  the  basis  for  the  generation  of  recommended  values  of  the  absorption 
coefficient  of  LiF  in  the  corresponding  frequency  region.  The  recommended  values 
are  given  by  the  solid  curves  in  Figure  3. 

3.2.  Sodium  Fluoride,  NaF 

Absorption  coefficients  of  NaF  observed  as  a  function  of  frequency  in  the 
multiphonon  region  are  scanty  as  shown  in  Figure  4  and  tabulated  in  Tables  5  and 
6.  In  the  present  work  we  have  collected  the  results  of  Holhs  [33],  Klier  [34] 
and  Beck  and  Pohl  [37].  Holhs  determined  the  absorption  coefficient  directly 
by  observing  the  decrease  in  light  intensity  through  plate  specimens.  Fourteen 
plates  of  thickness  ranging  from  0.024  to  10.62  mm  were  used  in  the  experiment 
and  absorption  data  were  obtained  based  on  the  equation  of  decay.  The  claimed 
uncertainty  of  these  data  is  ±5%.  However,  a  trace  of  NaaCOs  impurity  was 
found,  the  corresponding  absorption  being  located  near  900  cm  1 .  As  a  result, 
the  observed  absorption  coefficients  at  frequencies  higher  than  800  cm  1  are 
considerably  higher  than  that  for  the  pure  sample. 

Klier  [34]  obtained  absorption  coefficients  for  NaF  at  three  temperatures, 

77,  293  and  573  K.  Results  were  derived  from  reflectivity  and  transmission 
measurements  for  thin  NaF  plates  of  unspecified  purity.  The  claimed  uncertainties 
are  5  to  10%.  Comparing  his  room-temperature  results  with  those  of  Holhs',  it 
can  be  reasonably  suspected  that  Klier  investigated  impure  samples. 

Beck  and  Pohl  [37],  in  their  theoretical  studies  of  multiphonon  absorption, 
reported  a  data  set  measured  at  100  K  by  McNelly  and  Pohl  [38]  for  specimens  of 
extreme  purity. 

The  temperature  dependence  for  given  frequencies  Is  shown  In  Figure  ')  and 
in  Tables  7  and  8.  It  is  seen  that  the  curves  obey  a  power  law,  u  =  T'1,  at 
temperatures  higher  than  300  K. 


TABLE  5.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  SODIUM  FLUORIDE 
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TABLE  G.  EXPERIMENTAL  DATA  ON  THE  ABSORPTION  COEFFICIENT  OF  SODIUM  FLUORIDE  (UAUE NUMBER  DEPENDENCE) 
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Harrington  and  Hass  [31],  in  an  attempt  to  test  the  applicability  of  the 
a  =  Tn  ^  law  at  high  temperatures,  carefully  measured  the  absorption  coefficients 
at  10.6  Mm  from  300  K  to  within  50  K  of  the  melting  points  for  several  selected 
single  crystals.  The  sample  was  investigated  by  a  simple  transmission  method. 

The  results  are  believed  to  represent  largely  intrinsic  absorption.  No  uncer¬ 
tainty  figures  were  reported.  However,  since  values  listed  in  Table  8  of  this 
work  were  read  from  a  graphical  presentation,  the  uncertainty  is  significantly 
larger. 

Pohl  and  Meiter  [39]  investigated  the  absorption  coefficient  of  NaF  crystals 
obtained  from  two  sources.  One  was  grown  by  standard  techniques  in  air  and  the 
other  in  an  argon  atmosphere.  The  major  difference  between  the  crystals  is  the 
amount  of  oxygen-containing  impurities.  The  absorption  coefficients  were  mea¬ 
sured  between  4.2  and  400  K  at  wavelength  9.3  and  10.6  pm.  Effects  of  impurity 
are  reflected  in  the  results  of  the  two  samples  which  differ  by  0.25  cm  1  at 
10.6  pm  and  0.30  cm  1  at  9.3  pm.  These  values  are  of  the  same  order  of  magnitude 
as  the  total  absorption  of  the  pure  sample  and  therefore  can  significantly  mask 
the  intrinsic  temperature  dependence.  The  uncertainty  of  their  results  at  low 
absorptions  is  ±0.02  cm  1 . 

McNelly  and  Pohl  [38]  made  a  systematic  observation  of  the  absorption  of 
NaF  between  600  and  1500  cm  1  and  from  100  to  850  K.  Samples  of  extreme  purity 
and  sufficient  thickness  were  employed.  There  were  no  indications  of  any  ex¬ 
trinsic  absorption.  Although  there  was  no  uncertainty  reported,  the  estimated 
uncertainty  of  their  results  can  be  as  high  as  ±10%  or  more  because  they  re¬ 
ported  their  results  graphically  in  logarithmic  scales  of  very  low  resolution. 

A  temperature  dependent  data  set  measured  at  800  cm  1  by  McNelly  and  Pohl 
was  reported  by  Beck  and  Pohl  [37].  The  same  situations  discussed  above  also 
apply  to  this  set  of  data.  After  reviewing  each  of  the  available  data  sets, 
the  data  by  McNelly  and  Pohl,  Harrington  and  Hass  were  selected  for  data  analysis. 
It  should  be  noted  that  the  diamond- shaped  symbol  data  points  in  Figure  4  were 
read  from  Figure  5  at  300  K. 


3.3.  Sodium  Chloride,  NaCl 

Absorption  coefficient  of  NaCl  in  the  multiphonon  region  has  been  measured 
by  a  number  of  investigators.  The  majority  of  the  observations  were  made  at 
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room  temperature,  except  for  Barker  [35],  whose  work  was  performed  at  several 
temperatures  from  room  temperature  up  to  past  the  melting  point.  One  set  of 
data  was  measured  at  liquid  nitrogen  by  Harrington  et  al.  [27].  Available  data 
are  shown  in  Figure  6  and  tabulated  in  Tables  9  and  10. 

Califano  and  Czerny  [40]  measured  absorption  on  the  short  wavelength  side 
of  the  reststrahlen  region  by  a  simple  transmission  method.  In  order  to  in¬ 
crease  the  accuracy  of  their  results,  they  used  long  specimens.  No  estimate 
of  error  was  reported. 

Barker  [35],  in  the  investigation  of  the  change  of  absorption  at  the  melting 
point  of  NaCl,  measured  absorption  coefficients  at  five  temperatures,  300,  615, 
775,  935  and  1105  K.  The  melting  temperature  of  NaCl  is  1074  K.  The  random 
error  shown  by  successive  determination  of  a  varied  between  0.03  cm  1  at  low 
absorption  and  0.3  cm  1  at  higher  levels.  By  taking  into  account  the  experi¬ 
mental  errors,  the  results  show  that  the  transparency  of  the  crystal  to  infrared 
radiation  is  hardly  affected  when  the  samples  are  melted. 

Deutsch  [9]  measured  room  temperature  absorption  coefficients  using  a 
differential  technique.  Accuracies  of  the  results  vary  from  10%  at  low  absorp¬ 
tion  (ot  <  0.1  cm  :)  to  3%  at  higher  absorption  (a  ^  0.5  cm  *).  Sample  purity 
was  not  given,  but  his  results  are  believed  to  be  largely  intrinsic. 

Allen  and  Harrington  [41]  observed  absorption  coefficients  for  high  purity 
NaCl  specimens  cut  from  various  sections  of  a  given  boule.  Laser  calorimetry 
was  used  at  a  number  of  laser  wavelengths  and  the  total  absorption  coefficient 
determined.  Uncertainties  in  results  vary  from  3  to  20%.  Contributions  of 
surface  and  bulk  origins  were  identified.  Owing  to  the  limit  of  instrument 
sensitivity,  the  lowest  value  of  bulk  absorption  coefficient  they  could  attain 
is  5  ±  5  x  10  7  cm  1 . 

Harrington  et  al.  [27]  reported  the  absorption  coefficient  at  temperatures 
of  300  and  80  K  from  two  laboratories.  No  experimental  details  nor  errors  in 
results  were  given.  However  uncertainties  of  10%  or  more  may  be  expected  as 
the  data  sets  were  read  from  a  graph  with  scales  of  low  resolution. 

Temperature  dependence  of  the  absorption  coefficient  of  NaCl  is  rarely 
investigated.  Available  data  shown  in  Figure  7  and  Tables  11  and  12  were  ob¬ 
tained  for  the  CO2  laser  wavelength  of  10.6  urn.  Harrington  and  Hass  [31] 
reported  absorption  data  for  the  temperature  range  from  304-1035  K.  Those  In 
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TABLE  9.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  SODIUM  CHLORIDE 
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TABLE  9.  SUMMARY  OF  MEASUREMENTS  OM  THE  ABSORPTION  COEFFICIENT  OF  SODIUM  CHLORIDE  (UAUENUMBER  DEPENDENCE)  (CONTINUED) 


a 

s 

U. 

O 

I- 

r 

ui 

»-» 

u 


n 

u 


a 

u 


r 

o 


i 

i 


UJ 

c* 

3 

h- 

<r 

C* 

UJ 

fl- 


r 

u 


2C 

a 

u 


OJCUCO 
i  i  i 
UJ  UJ  UI 

o  o  o 
cn  cnoo 
co  is.  ^ 


CD  *r  co  cn 


LJ 

in 

<r 

S 


z: 

a 

u 


ui 

cn 

<r 

h- 

<E 

a 


CUCUCU 

4  +  + 

UJ  Ui  UJ 

o  o  o 
r-  id  in 

m  tv 

is-  is!  oo 


o 

4 

uj 

o 

to 

o 


ooooooHHHajaiajnnr) 
4444441  i  i  i  i  i  i  t  i 
UlUlUiUlUiUlUllJUIUJUJUJUJUJUJ 
ooooooooooooooo 
cocuiDN-is-cooinmo-icocococu 
^HCD^k^^mm'Jcoajinino 

. . 

imncocu— *-4Coru-«ujiu— «inroaj  — « 


uj  o 
in  o 
co 

<L 

V-  II 
<E 

Ph 


cu  cu  cu  cu  cu  cu  cu  cu  cu  cu  ru  ru  cu  ni  ru 
44  +  444444  +  4  +  44  + 
UlLJUlUlUJUJUJUJUIUJUlUJUJUJuJ 
ooooooooooooooo 
cncncococui'wiDincncD.N-comcncn 
^Ncn-H^-tncncois.  -<  in  m  co  in  n. 

\frrsrininininu)tDis-rs.KiDcooo 


«-n  — lOOOOOOOOOO 

I  I  I  I  I  44  +  44  +  4  +  44 
UJ  UJ  UI  UJ  UJ  UJ  UJ  UJ  UJ  UJ  UJ  Uj  UI  Id  UJ 
OOOOOOOOOOOOOOO 

ooooooj— imcOOTOTinoon-n 
^r^-H^in-Hinoi^iDi^ooiocDin 


4-  O 
UJ  • 

in  o 
co 
a 

4-  II 

cc 

PH 


oo-h^— <C\JOJflJ 
4  4  I  l  l  l  l  I  I 
UlUJUJUJUJUJUJUJUJ 
ooooooooo 
id  id  id  coiv  co  id 
is-njootni^o-H^n 

— <  sj-  \j  — « — «  id  ru 

cucucurucucucurucu 

4  +  4  4  4  4  4  4  4 
U!  UJ  UJ  IJ  UI  UJ  UJ  UJ  UJ 
OOOOOOOOO 

o(noor^CwajiDino 

ini^roinr^m-^mu) 

sj-  in  in  in  in  a>  (D  id 


nOJOjHHHOO 
i  i  i  i  i  i  4  4 

UJ  UI  UJ  UJ  UJ  UJ  UI  Id 
OOOH-<C0  1-O 
ODOIfflTlDOO 

ID  M  o  is-  k  cu  m 


cn 

CD  O 

^ajcoinis- 

-H 

cu 

cu 

co 

sr 

in 

ID 

1^ 

C) 

is. 

st  *h 

•— « 

cu 

m 

cu 

00 

• 

o 

o 

OJ 

i-  in 

cu  uj  cu  cu  cu 

cu 

cu 

cu 

cu 

cu 

cu 

cu 

cu 

cu 

cu 

h  • 

cucuai 

CU 

cu 

cu 

cu 

cu 

V— 

• 

■f 

u  o 

4444  + 

4 

+ 

4 

4 

4 

4 

4 

+ 

4 

+ 

UI  O 

+  +  + 

4 

4 

f 

4 

4 

UJ 

o 

u 

in  -* 

UJ  UJ  UJ  UJ  UJ 

u 

u 

u 

u 

u 

u 

UI 

u 

u 

u 

cn  o 

u  u  u 

UI 

UJ 

UJ 

Ul 

Ul 

in 

o 

o 

•H 

O  O  o  o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

co 

•HO  00 

03 

o 

o 

o 

o 

CO 

CO 

<z 

N-CDN-COfS- 

CD 

r- 

IV 

(D 

in 

in 

CD 

sr 

sr 

<r 

O  O 

cn 

cu 

H 

•H 

<£ 

rr 

V-  II 

m  iu  m  cd  co 

o 

00 

CD 

cu 

o 

m 

03 

fs- 

ID 

h-  it 

mom 

cn 

m 

o 

m 

o 

1- 

II 

• 

<r 

•  *  •  •  • 

• 

<L 

•  •  • 

<r 

in 

OH- 

oo  co  rv  iv  is. 

|S- 

CD 

CD 

ID 

CD 

ID 

in 

in 

in 

in 

a  h- 

00  CON. 

CD 

CD 

ID 

m 

m 

n 

1- 

u 

w 

CO 

f— 

LJ 

tn 

a 

£ 


o  o  o 
4  4  4 
UJ  UJ  UJ 
o  o  o 
<T)  00  OT 
N-  COCO 


•H*H»H«""<00000000000 

I  I  1  144444444444 

UJUJUJUJUJUJU1UJUIUJUJUJUJUJUJ 
ooooooooooooooo 
ooooinoom^riDcoajincoaj 
oc\j^'sr-*(Dnjoin-H(ncoinruTj- 


in  cd  co  ^  curomoo-J^curo(o<+  •t  miocooS 

curucucucucucurucjcucucucucucu 
+++++++++++++++ 
UJUJUIUJUJUJUJUJUJUJUJUJUJUJUJ 
ooooooooooooooo 
iniDiDcDiDinfs-Tr^rLO-^ininnin 
iDcnoNinco^mcors-cDinrrmfu 
•  •••••••••••••• 

rs-rs.rs.iD(DiocDLnininininininin 


cucucu 

444 

Ld  UJ  Id 
o  o  o 
Tf  CO  CU 
CO  CU  — « 
•  •  • 
in  in  in 


id  in 
tn  is- 

<c 

h-  it 

<r 

ov¬ 


um 
in  co 
m 
<r 

i—  n 
a 

ph 


hhhhOOOOO 
I  I  I  I  4  4  4  4  4 
UUUUUUUUJU 
OOOOOOOOO 
OOOOlflH^HCO 
CDiDCorv-o^roomiu 

— 'Ojsj-cD-H-H-Hajro 


cu  cu  cu  cu  ru 

4  4  4  4  4 
UJ  U  U  U  UJ 
O  O  o  o  o 
N.  CD  ID  ID  ID 
o  — *  oo 


cu  rucucu 

•f  4  4  4 

uuuu 
o  o  o  o 
N-  rv  CD  ID 
id  ^  cu  o 


co  rs.  rs-  is-  cd  co  id  cd  id 


& 

<r 


CO 

CO 

cu  cu 

•H 

•-4 

H 

o 

o 

o 

o 

o 

o  o  o  o  o  o 

H 

»-4 

•— » 

o 

O 

1 

1 

1  1 

1 

1 

1 

1 

1 

4 

4 

4 

4 

4 

4  4  4  4  4  4 

1 

1 

1 

i 

4 

4 

UJ 

UJ 

UJ  Ld 

UI 

UJ 

LJ 

UJ 

UJ 

UJ 

UI 

UJ 

UI 

UI 

U  UJ  U  UJ  UJ  UJ 

UI 

UJ 

UJ 

u 

UI 

UI 

•H 

m 

o  CO 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O  O  o  o  o  o 

O 

o 

o 

o 

o 

o 

6 

m 

o  o 

o 

o 

O 

o 

o 

CO 

"—4 

rr 

IS. 

»— 1 

HO^H^-CO 

o 

O 

o 

o 

oo 

o 

K- 

cn 

CD  CD 

H 

o 

in 

o 

o 

cu 

IS- 

rr 

OO 

<r 

O  (D  CU  CU  CU  ID 

m 

00 

H 

CD 

o 

m 

• 

• 

•  • 

• 

• 

• 

• 

•  ••••• 

• 

• 

• 

H 

ID 

CU  00 

CU 

H 

cu 

cn 

ID 

cn 

*•4 

cu 

ru 

CO 

rr  rr  m  cd  c-  oo 

co 

•H 

cu 

m 

fs- 

-4 

-4 

o 

o 

o 

h  • 

cu 

CU 

cu  cu 

V-  • 

CU 

ru 

cu 

CU 

cu 

cu 

CU 

cu 

cu 

cu 

cu  cu  cu  ru  cu  cu 

h  • 

CU 

cu 

cu 

cu 

CU 

CU 

Id  00 

4- 

4 

4  4 

UJ  o 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4  4  4  4  4  4 

uj  m 

4 

4 

4 

4 

4 

4 

<ntn 

u 

UJ 

UJ  UJ 

in  o 

UI 

U 

UJ 

UJ 

UJ 

LJ 

UJ 

UI 

LJ 

UJ 

UI  U  UJ  Ld  UJ  Ui 

in  -4 

UJ 

UJ 

Ld 

UI 

Id 

UJ 

cu 

H 

CD 

00  CO 

CO 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O  O  O  O  O  O 

CD 

o 

o 

O 

o 

O 

o 

> 

a 

a) 

cn 

m  tt 

<r 

1^ 

m 

CD 

CD 

ID 

cn 

m 

CO 

■o-rj-mcoin’T 

<i 

T^ 

m 

U) 

U> 

ID 

CD 

V-  II 

o 

CO 

N  —4 

K  II 

m 

CD 

CO 

O 

00 

ID 

TT 

cu 

H 

o 

cncoivtDm^j- 

v-  II 

CO 

o 

m 

CO 

H 

oc 

• 

• 

•  • 

a 

• 

• 

• 

• 

•  ••••• 

a 

• 

• 

• 

• 

Ph 

0) 

00 

N.  fs- 

a  h- 

ID 

ID 

ID 

ID 

m 

m 

m 

m 

m 

m 

rr  tt  rr 

a 

tv 

IS- 

ID 

ID 

CD 

CD 

5.350E+2  2.190E+0  5.950E+2  3.960E+0  S.890E+?  1.0S0E-2  9.434E+2  1.000E-3 

5.740E+2  2.9B0E+0  5.840E+2  4.590E+0  5.7S0E+2  9.030E-1 

5.640E+2  3.560E+0  5.740E+2  5.330E+0  6.150E+2  4.120E-1 

5.530E+2  4.200E+0  5.640E+2  S.320E+0  B.540E+2  2.110E-1 

5.440E+2  4.940E+0  5.550E+2  7.450E+0  6.S80E+2  1.020E-1 


Temperature,  K 

Figure  7.  Absorption  Coefficient  of  Sodium  Chloride  (Temperature  Dependence) 
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the  temperature  region  between  100-300  K  were  measured  by  Rowe  and  Harrington 
[30]  with  an  estimated  error  of  about  ±6  x  10  5  cm  1 . 

Comparison  of  room  temperature  data  from  various  sources  can  be  seen  in 
Figure  6.  Close  agreement  is  observed.  Based  on  this,  Barker's  data  at  higher 
temperatures  are  believed  to  be  intrinsic  in  nature  and  can  be  used  for  data 
analysis,  even  though  they  are  the  only  choices  which  are  currently  available. 

3. A.  Potassium  Chloride,  KC1 

Plotted  in  Figure  8  are  the  absorption  coefficient  data  of  potassium 
chloride  in  the  infrared  region  which  have  been  reported  by  a  number  of  investi¬ 
gators,  particularly  in  the  vicinity  of  CO2  laser  wavelength  10.6  pm  for  defining 
the  intrinsic  absorption  of  the  crystal.  Unfortunately,  absorption  at  or  near 
this  wavelength  is  complicated  by  many  factors,  notably  the  surface  absorption, 
impurity,  and  other  unknown  causes.  As  a  consequence,  absorptions  due  to  these 
origins,  at  nearby  wavelengths,  contribute  to  the  total  absorption  at  10.6  pm, 
thus  masking  its  intrinsic  property.  Given  below  are  discussions  for  each  of 
the  available  data  sets  listed  in  Tables  13  and  1A. 

Hass  et  al.  [A2]  measured  absorption  coefficient  of  KC1  crystals  between 
9.2  and  10.86  pm  using  laser  calorimetric  techniques.  In  order  to  minimize  the 
extrinsic  absorptions,  the  sample  crystal  was  grown  in  a  reactive  CCI4  atmos¬ 
phere  with  surfaces  carefully  prepared  by  chemical  polishing.  However,  an  ab¬ 
sorption  band  near  9.8  pm  was  always  presented  in  all  samples  examined.  Although 
it  was  possible  to  identify  the  bulk  absorption  at  10.6  pm,  which  approached 
the  estimated  intrinsic  limit  of  8  x  10  5  cm  1 ,  the  average  total  absorption 
was  about  2  x  10  4  cm  1 .  Due  to  surface  absorption  variations,  the  errors  at 
10,6  pm  were  large,  ranging  from  50%  to  several  hundred  percent.  Most  errors 
in  calorimetry  tend  to  increase  the  observed  absorption  coefficient.  Among  the 
samples  investigated,  optical  inspection  of  those  with  higher  absorptions  in¬ 
dicated  some  bubbles  or  other  imperfections  in  the  ingots. 

Deutsch  [9]  measured  the  absorption  coefficient  in  the  multiphonon  region 
for  both  single  crystal  and  polyscrystalline  KC1  provided  by  different  suppliers. 
For  regions  of  low  absorption  (a  <  0.1  cm  '),  the  error  is  10%,  for  high  absorp¬ 
tion  (a  >  0.5  cm  '),  the  error  is  3%.  To  within  the  accuracy  of  the  experiment, 
the  long  wavelength  absorption  coefficients  of  the  polycrystalline  material  are 


Absorption  Coefficient,  cm 


TABLE  13.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  POTASSIUM  CHLORIDE  (UAUENUMBER 
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SURFACE  ABSORPTION  )  DATA  EXTRACTED  FROM  A  FIGURE!  THE  APPEARANCE 
OF  A  SURFACE  ABSORPTION  BAND  NEAR  9.8  MICROMETER  PREUENTS 
OBSERUATION  OF  BULK  ABSORPTION. 
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the  same  as  those  of  the  single  crystal.  At  10.6  pm,  Deutsch  [43]  found  that 
absorption  in  all  KC1  samples  is  dominated  by  a  broad  absorption  band  near 
9.7  pm.  The  presence  of  this  band  appeared  to  be  due  to  the  oxygen-containing 
compounds  in  the  bulk.  The  integrated  absorption  of  this  band  decreases  with 
increasing  temperature,  which  is  expected  from  the  dissociation  of  absorbing 
pairs. 

Shrader  [44]  measured  the  10.6  pm  absorption  coefficient  on  a  large  number 
of  specimens  using  a  calorimetric  method.  Absorption  coefficients  of  both 
doped  and  pure  samples  are  about  the  same  order  of  magnitude.  His  averaged 
result  is  about  ten  times  higher  than  the  intrinsic,  largely  contributed  by 
surface  absorption. 

The  low  bulk  absorption  coefficient  at  10.6  pm  was  remeasured  by  Hass  et  al. 
[45]  using  an  improved  laser  calorimetric  technique,  the  thermal  rise  procedure. 
The  result  is  8  x  10  5  cm  1 ,  which  is  close  to  the  intrinsic  value  at  this  wave¬ 
length.  Very  low  absorption  at  1.06  pm  was  also  measured  by  this  technique,  the 
result  being  7  x  10  6  cm  1 . 

Allen  and  Harrington  [41]  measured  absorption  coefficients  of  a  reactive- 
atmosphere-grown  single-crystal  rod  of  KC1  at  selected  laser  wavelengths.  The 
long-rod  technique  was  used  with  the  vacuum  calorimeter  to  separate  surface  and 
bulk  effects  from  the  total  absorption.  Again,  the  extrinsic  absorption  ob¬ 
served  near  9.6  pm  is  predominately  due  to  surface  absorption. 

Rosenstock  et  al.  [46],  in  an  effort  to  separate  the  surface  and  bulk 
absorption  of  KC1  crystal,  observed  that  the  surface  absorption  is  about  10  times 
higher  than  the  bulk  absorption.  The  method  involved  the  use  of  a  long  rod 
geometry  combined  with  an  analytical  solution  of  the  heat  conduction  equation 
for  the  temperature  distribution  in  a  sample  that  is  heated  both  internally  and 
on  the  surfaces.  Rowe  and  Harrington  [47]  studied  in  detail  the  extrinsic  ab¬ 
sorption  band  near  9.6  pm  and  arrived  at  the  conclusion  that  the  extrinsic  ab¬ 
sorption  may  take  place  in  the  bulk  or  on  the  surface.  The  data  discussed  above 
indicate  the  state-of-the-art  of  KC1  window  material.  It  is  seen  that  the 
extrinsic  absorption  band  near  9.6  pm  contributes  to  the  absorption  at  10.6  pm 
thus  reducing  its  potential  as  window  material  at  this  specific  wavelength. 

Absorption  measurement  in  the  wavelength  region  longer  than  10.6  Pm  was 
made  available  by  Mentzel  [48],  A  simple  transmission  method  was  used  with  thin 
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plate  specimens  of  various  thicknesses.  Although  the  experimental  errors  were 
not  reported,  it  is  believed  that  Mentzel  used  impure  samples,  as  the  samples 
in  his  studies  apparently  were  obtained  from  natural  sources  and  the  results 
show  considerable  disagreement  with  those  of  the  synthetic  specimens  shown  in 
Figure  8. 

Temperature  dependence  of  the  absorption  coefficient  of  KC1  has  been 
measured  only  at  the  10.6  pm  CO2  laser  wavelength  as  shown  in  Figure  9  and 
given  in  Tables  15  and  16.  These  are  reported  mainly  by  Harrington  and  Hass 
[31],  Boyer  et  al.  [28]  and  Rowe  and  Harrington  [30].  Again,  absorption  at 
10.6  pm  is  generally  predominated  by  the  extrinsic  absorption  that  is  contri¬ 
buted  from  the  absorption  band  near  9.6  pm.  As  a  result,  error  assignment  to 
the  results  is  meaningless.  However,  as  shown  in  Figure  9,  the  lowest  avail¬ 
able  a  values  at  various  temperatures  represent  the  bulk  absorption  of  KC1  and 
can  be  considered  as  the  typical  trend  of  the  intrinsic  absorption. 

3.5.  Potassium  Bromide,  KBr 

Available  absorption  coefficient  data  of  KBr  in  the  multiphonon  region  are 
given  in  Tables  17  and  18  and  Figure  10.  Early  measurements  of  absorption  coeffi¬ 
cient  of  KBr  was  made  by  Mentzel  [48]  using  a  simple  transmission  method  on  a 
number  of  thin  specimens.  As  he  probably  used  the  natural  single  crystal,  pres¬ 
ence  of  impurities  and  surface  contamination  of  the  specimens  is  expected.  This 
is  reflected  in  the  high  absorption  in  the  higher  frequency  region  shown  in  the 
figure. 

Califano  and  Czerny  [40],  used  the  simple  transmission  method  and  measured 
the  absorption  of  two  long  block  samples.  Although  their  samples  were  obtained 
from  natural  sources,  their  results  are  in  good  agreement  with  the  recent  mea¬ 
surements  as  revealed  in  the  figure.  It  is  therefore  reasonable  to  suspect 
that  Mentzel* s  results  are  dominated  by  surface  absorption. 

Barker  [35]  reported  absorption  coefficients  of  KBr  at  temperatures  300, 

590,  740,  885  and  1035  K.  The  samples  were  prepared  from  high  quality  synthetic 
single  crystals  and  the  surfaces  were  appropriately  finished.  The  reported 
random  error  showed  by  successive  determinations  of  a  varied  between  about 
0.03  cm  1  at  low  absorption  and  0.3  cm  1  at  higher  absorption  (a  ^  10  cm  '). 

It  is  difficult  to  say  with  assurance  whether  his  results  represent  the  intrin¬ 
sic  or  extrinsic  property,  since  there  is  no  other  evidence  to  rely  upon  in  the 


TABLE  IS.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  POTASSIUM  CHLORIDE  (TEMPERATURE 
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TABLE  17.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  POTASSIUM  BROMIDE  (WAUENUMBER  DEPENDENCE) 
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absence  of  other  high  temperature  measurements  for  comparison.  However,  his 
room  temperature  values  closely  agree  with  recent  measurements  which  were  per¬ 
formed  on  well  purified  and  finished  samples  and  the  results  are  believed  to  be 
intrinsic.  Therefore,  it  is  reasonable  to  consider  Barker's  results  to  be  in¬ 
trinsic  at  least  in  the  frequency  region  where  the  data  were  obtained.  It  should 
be  noted  that  the  melting  point  of  KBr  is  1003  K.  Barker's  data  at  1035  K  is  for 
the  molten  phase  of  KBr.  However,  he  observed  only  a  small  change  in  the  absorp¬ 
tion  spectra  as  the  melting  point  was  traversed. 

Deutsch  [9]  studied  the  absorption  of  KBr  using  a  differential  technique 
with  a  dual  beam  spectrophotometer.  Errors  varied  from  10%  at  low  absorption 
level  to  3%  at  higher  level.  His  results  are  believed  to  be  largely  intrinsic. 

As  KBr  single  crystals  have  been  occasionally  observed  to  have  a  lower 
absorption  coefficient  than  KC1  at  10.6  Mm,  it  attracted  new  interest.  Klein 
et  al.  [49]  studied  the  crystal  growing  and  surface  polishing  processes  to 
seek  the  most  effective  procedure  for  decreasing  infrared  absorption.  Using 
KBr  single  crystals,  various  halogen  producing  reagents  were  studied  in  the 
reactive-atmosphere-crystal-growing  process  and  the  multiphonon  absorption 
coefficients  in  each  case  were  measured  at  frequencies  of  350  cm  1 ,  400  cm  1 
and  450  cm  1 .  It  was  found  that  the  reagent  CCli,  is  the  most  effective  one  in 
reducing  infrared  absorption. 

Harrington  et  al.  [27]  reported  data  obtained  from  the  University  of  Alabama 
and  the  Naval  Research  Laboratory.  Although  neither  details  of  measurement 
procedure  nor  experimental  errors  were  given,  an  estimated  error  of  10%  or  more 
should  be  assigned  as  data  were  presented  in  graphs  with  scales  at  low  resolution. 

As  seen  in  Figure  10,  the  room  temperature  data  from  various  investigations 
are  in  reasonable  agreement.  Minute  traces  of  impurities  do  not  affect  the 
absorption  at  high  temperatures.  At  low  temperatures,  however,  distinguishable 
features  in  the  absorption  spectrum  of  different  samples  are  seen. 

3.6.  Potassium  Iodide,  KI 

Absorption  data  of  KI  in  the  multiphonon  region  is  scanty.  The  existing 
data  are  those  of  [27,50  and  51]  and  are  reported  in  Tables  19  and  20  and 
Figure  11. 


TABLE  19.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  POTASSIUM  IODIDE  (WAUENUMBER  DEPENDENCE) 
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Berg  and  Bell's  [50]  results  were  derived  from  reflectivity  and  transmission 
measurements.  Although  no  error  was  reported  with  the  results,  large  errors  are 
expected  and  are  estimated  to  be  10%  or  more. 

Eldridge  and  Kembry  [51]  determined  the  absorption  coefficient  of  a  natural 
KI  single  crystal  also  using  reflectivity  and  transmission  method.  As  they  used 
natural  samples,  large  errors  due  to  impurities  are  expected  in  their  results. 

An  effective  estimate  of  error  is  about  10%  at  high  absorption  (a  a,  100  cm  *)  to 
as  high  as  100%  or  more  at  low  absorption  (a  <  1  cm  1 ) .  It  is  clear  that  data 
from  the  above  mentioned  sources  are  not  suitable  for  a  basis  of  data  analysis. 

Multiphonon  absorption  data  of  pure  KI  samples  were  reported  by  Harrington 
et  al.  [27],  Data  were  measured  at  the  University  of  Alabama  and  the  Naval 
Research  Laboratory.  No  errors  were  reported  with  the  data,  but  a  5%  error 
should  be  assigned  for  a  >  1  cm  1  and  10%  or  higher  for  a  <  0.1  cm  1  as  a  result 
of  uncertainty  in  graph  reading.  Effects  of  impurities  were  revealed  only  at 
low  temperatures  as  shown  in  Figure  11. 
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4.  DATA  ANALYSIS 

Absorption  in  the  multiphonon  region  is  of  current  interest  because  of  its 
application  in  windows  for  high-power  infrared  lasers.  At  the  frequencies  en¬ 
countered  in  this  region,  the  total  absorption  can  be  attributed  to  processes 
involving  several  phonons,  defect  modes  due  to  impurities,  vacancies,  and  sur¬ 
face  contaminations.  A  number  of  observations  have  been  made  to  investigate 
the  frequency  and  temperature  dependence  of  the  intrinsic  multiphonon  absorption. 
It  has  been  found  that  the  exponential  dependence  of  the  absorption  coefficient 
on  frequency  holds  for  LiF,  NaF,  NaCl,  KC1,  KBr  and  KI  at  room  temperature. 

This  exponential  relation  attracted  considerable  attention  in  the  theoret¬ 
ical  interpretation  of  such  behavior.  Theoretical  results  indeed  predict  the 
exponential  dependence  of  the  room  temperature  absorption  coefficient  on  the 
frequency.  With  regard  to  the  temperature  dependence,  however,  the  results  are 
not  satisfactory.  Discrepancies  between  experimental  results  and  theoretical 
predictions  are  of  several  orders  of  magnitude.  In  the  case  of  NaF,  NaCl  and 
KC1,  for  example,  theory  predicts  that  at  high  temperatures  the  absorption 
coefficient  varies  with  temperature  according  to  eq.  (17),  where  the  values  of 
(n-1)  are  predicted  to  be  3,  5,  and  6  for  NaF,  NaCl  and  KC1,  respectively,  while 
the  corresponding  experimental  values  are  2.6,  3.3  and  2.8.  As  a  consequence, 
many  investigators  have  questioned  the  validity  of  the  basic  assumptions  in  the 
transition  matrix  of  Bose-Einstein  statistics.  It  is  therefore  conceivable  that 
an  empirical  formula  that  closely  fits  the  available  data  should  be  established 
until  such  time  when  an  improved  theory  becomes  available. 

4.1.  Status  of  Available  Data 

Absorption  coefficient  data  in  the  multiphonon  region,  as  a  whole,  are 
scanty.  The  available  data  are  given  and  discussed  in  Section  3.  It  is  well 
known  that  impurities  are  the  major  factors  that  contribute  to  the  total  ob¬ 
served  absorption.  However,  these  very  important  pieces  of  information  are  gen¬ 
erally  missing,  partly  due  to  unawareness  on  the  part  of  investigators  and 
partly  due  to  the  inadequacy  of  the  facilities  used.  As  a  result,  errors  are 
inevitable . 

Surface  contamination  is  known  to  contribute  to  absorption  and  is  usually 
in  the  order  of  10  3cm  1  per  unit  surface  area.  At  high  absorption  levels,  the 
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effect  of  surface  absorption  is  negligible.  At  low  absorption  levels,  say 
a  <  10  'em  surface  absorption  may  predominate  the  bulk  absorption,  resulting 
in  difficulties  in  the  determination  of  the  intrinsics,  examples  are  NaCl  and 
KC1.  Additional  errors  are  introduced  in  the  data  available  to  the  end-user, 
when  they  must  be  read  off  from  graphs.  The  latter  errors  are  unnecessarily 
contributed  in  the  process  of  data  presentation. 

As  a  result  of  the  combination  of  the  above  considerations,  the  errors  in 
data  are  estimated  in  general  at  3  to  10%  in  the  high  absorption  range  for 
a  >  0.1  cm  At  low  absorptions,  errors  increase  with  decreased  absorption. 

At  very  low  absorption,  errors  can  be  in  excess  of  100%.  As  a  consequence,  in¬ 
trinsic  behavior  is  only  revealed  in  the  high  absorption  range,  while  at  low 
levels,  the  extrinsics  can  predominate  and  mask  the  intrinsics. 

In  the  special  applications,  particularly  in  the  area  of  lasers,  high 
temperature  (>300)  absorption  coefficients  are  usually  needed.  It  is  unfortunate 
that  absorption  coefficients  are  seldom  measured  at  elevated  temperatures.  The 
only  known  systematic  measurement  of  absorption  coefficient  as  a  function  of 
frequency  and  temperature  was  made  by  Barker  [35]  for  I, IF,  NaCl  and  KBr.  As 
Barker's  values  are  mostly  in  the  high  absorption  range  (see  Figures  3,  6  and 
10)  and  are  well  behaved,  it  is  highly  probable  that  his  results  represent  the 
intrinsic  absorptions  of  the  corresponding  crystals. 

4.2.  Typical  Trends  in  Data 

Typical  trends  in  experimental  data  (room  temperature  or  higher)  can  be 
clearly  seen  in  the  figures  of  Section  3  where  frequency-dependent  absorption 
coefficients  are  plotted  in  semi-log  scale  (i.e.,  log  a  vs.  V)  and  temperature 
dependent  absorption  coefficients  are  plotted  in  log-log  scale  (i.e.,  log  a  vs. 
log  T) .  Both  appear  as  straight  lines  in  corresponding  plots.  The  implication 
of  this  straight  line  behavior  is  that  the  absorption  coefficient  is  related  to 
frequency  and  temperature,  respectively,  in  the  form  ra(v)  a.  e  and  a(T)  %  T 
where  A  and  A'  are  constants  for  each  of  the  given  lines. 

The  exponential  behavior  is  not  only  observed  in  the  multiphonon  region, 
but  is  also  observed  in  the  Urbach  tail  region  as  shown  in  Figure  1.  The  power 
law  is  not  only  obeyed  at  the  frequencies  in  the  multiphonon  region,  the  same 
is  also  observed  in  the  frequency  region  on  the  other  side  of  the  fundamental 
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reststrahlen  band.  This  can  be  seen  in  the  figures  labeled  with  temperature 
dependence  in  Part  I  of  this  report. 

4.3.  Formulation  of  an  Empirical  Model 

A  straight  line  in  a  semi-log  plot  of  log  a  vs.  V  indicates  an  exponential 
relation  of  the  form 

log  a  =  log  aQ  -  0. 43429A(v  +  B)  (18) 

where  A  is  the  slope  of  the  line  at  a  given  temperature,  0.°  and  B  are  arbitrary 
constants  corresponding  to  the  coordinates  of  a  point  on  the  line.  Therefore 
three  parameters  are  required  to  define  a  straight  line  in  the  semi-log  presen¬ 
tation. 

Review  of  Figures  3,  6  and  10,  we  can  see  that  the  slopes  are  varying  with 
temperatures.  This  means  that  and  B  are  also  varying  with  temperature  unless 
there  exists  a  pair  of  values  that  is  common  to  all  of  the  lines  for  a  given 
material.  This  requirement  sets  a  restriction  that  all  the  lines  must  converge 
to  the  point  (aQ»  B) .  To  see  whether  this  point  could  be  found,  a  graphical 
extrapolation  was  made  by  drawing  straight  lines  through  corresponding  data  sets 
and  extending  to  a  region  where  they  tend  to  meet.  Indeed,  one  does  find  a 
definite  point  of  convergence  for  each  of  the  materials,  LiF,  NaCl  and  KBr. 

Since  adequate  data  are  available  at  various  temperatures,  the  existence  of 
such  a  point  of  convergence  provides  a  reliable  clue  that  a and  B  are  constants 
for  a  given  material  and  that  only  the  slope,  A,  varies  with  temperature,  i.e., 

log  a  =  log  aQ  -  0.43429 (v  +  B)  A(T) .  (19) 

To  find  the  functional  variation  of  A  with  T,  we  have  made  use  of  the  fact 
that  the  plot  of  a  versus  T  is  a  straight  line  in  the  log-log  scale.  To  meet 
this  condition  we  are  limited  to  consider  the  expression 

A(T)  =  C(D- log  T),  (20) 

where  C  and  D  are  constants  for  a  given  material.  Combining  eqs.  (18)  to  (20) 
leads  to  the  following  empirical  equation  to  represent  the  absorption  coefficient 
as  a  function  of  frequency  and  temperature: 

a(v,T)  -  a  e-a(v  +  b)(c-log  T) 


(21) 


where  a  ,  a,  b  and  c  are  constants  for  a  given  material.  At  a  given  temperature 

°  -a'v 

this  equation  is  reduced  to  the  form  of  a(v)  e  while  at  a  given  frequency, 

a(T)  ^  Tb  ,  where  a’  and  b'  are  constants. 

It  is  interesting  to  point  out  that  eq.  (21)  is  analogous  to  the  Urbach 
rule  in  the  ultraviolet  absorption  edge.  The  pair  of  constants,  and  b,  defines 
the  "cross  over  point"  where  the  curves  of  a  versus  v  converge  and  the  factor 
a(c  -  log  T)  is  defined  as  the  "steepness"  of  the  lines.  The  physical  meaning 
of  these  parameters  remains  to  be  ascertained. 

4.4.  Numerical  Data  Fitting  for  LiF,  NaCl  and  KBr 

Numerical  values  of  the  constants,  a  ,  a,  b  and  c  can  be  defined  through 

o 

least-squares  fitting  of  the  experimental  data  to  eq.  (21).  Needless  to  say 
that  reliability  of  the  values  depends  upon  the  availability  of  experimental 
data  and  their  accuracies.  Review  of  the  existing  data  as  discussed  in  Section 
3  indicated  that  adequate  data  fitting  can  be  made  for  LiF,  NaCl  and  KBr.  As 
the  errors  in  the  data  are  in  the  range  of  10%,  therefore  the  uncertainty  in 
the  results  of  such  fitting  are  at  best  10%. 

The  least-square  calculation  was  performed  on  the  equation: 

log  a  =  log  cxq  -  0.43429a(v + b) (c  -  log  T)  (22) 

The  first  approximate  values  of  a  and  c  were  evaluated  by  holding  0tQ  and  b 
fixed  at  their  graphically  determined  values.  The  final  values  of  the  constants 
were  then  determined  by  allowing  free  adjustment  of  all  four  constants.  The 
results  of  the  best  fit  are: 


ao 

a,  cm 

b,  cm  1 

c 

LiF 

io“-‘*591 

0.002237 

49.1557 

5.39574 

NaCl 

2q5 .0505 

0.005909 

83.8511 

5.50982 

KBr 

2q4 .9073 

0.008862 

93.7115 

5.39708 

It  was  found  that,  except  for  LiF,  the  resulting  equation  also  predicts  a  values 
for  the  molten  phase  of  the  materials  as  if  there  is  no  significant  change  at 
the  phase  transition  point.  This  is  inconsistent  with  Barker's  observation. 
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4.5.  Prediction  of  Key  Parameters  for  NaF,  KC1  and  KI 

As  it  was  stated  in  Section  3,  data  for  NaF,  KC1  and  KI  are  not  adequate 
for  least-squares  calculations  in  which  both  frequency  and  temperature  are 
treated  as  independent  variables.  In  order  to  utilize  the  existing  data  of  these 
materials  and  yet  give  some  meaning  to  the  calculations,  we  have  to  reduce  the 
number  of  unknown  parameters  in  eq.  (22).  Clues  have  been  observed  which  enable 
us  to  define  the  parameters  a  and  c  for  these  materials  thus  reducing  the  number 
of  unknown  parameters  to  2. 

A  careful  examination  of  the  list  of  parameters  in  the  last  subsection,  we 
can  see  that  the  values  of  the  parameter  c  merges  as  almost  a  constant  for  LiF, 
NaCl  and  KBr.  The  small  differences  among  them  can  very  well  be  accounted  for 
by  errors  in  the  data.  Hence  it  is  assumed  that  an  average  value  of  5.434,  may 
be  used  as  the  value  of  c  in  eq.  (21)  for  alkali  halides. 

Comparing  eq.  (21)  with  Deutsch's  representation,  eq.  (2),  we  can  see  that 

1/v  'v  a(c-log  T) .  At  a  given  temperature,  say  room  temperature,  the  factor 

(c  -  log  T)  is  a  constant  and  therefore  1/v  'v  a.  Indeed,  we  have  found  that 

o 

this  is  the  case  for  LiF,  NaCl  and  KBr  for  which  the  values  of  a  are  obtained 

from  fitting  the  data.  It  was  noted  that  the  parameter  v^  is  related  to  the 

molecular  weight,  M,  of  the  corresponding  material  as  discussed  in  Part  I.  This 

implies  that  1/a  is  related  to  M  in  a  similar  fashion.  Listed  below  are  the 

values  of  V  ,  a,  1/a,  M  and  1/M  and  \>  of  various  materials,  where  V_  repre- 
o  lo  lo 

sents  the  frequency  of  the  transverse  mode  fundamental  phonon.  The  inclusion 


of  V_ 
To 

here  is  based 

1  on  the  fact  that  it  was 

found  that 

\>To  is  proportional  to 

V  and 
o 

1/a  as  well. 

except  for 

LiF  as  shown  in  the  list. 

Vo 

a 

1/a 

M 

1/M  _ 

VTo_ 

cm  1 

cm 

cm  1 

g  mole  1 

mole  g  1 

cm  1 

LiF 

153.2 

0.002237 

447.03 

26 

0.0385 

305 

NaF 

(78) 

(0.00437) 

(228.83) 

42 

0.0238 

246.5 

NaCl 

56.0 

0.00591 

169.20 

58.5 

0.0171 

164 

KC1 

50.8 

(0.00700) 

(142.86) 

74.5 

0.0134 

142 

KBr 

39.1 

0.00886 

112.87 

120 

0.0083 

114 

KI 

(36) 

(0.0098) 

(102.04) 

166 

0.0060 

102 

In  the 

above  table. 

the  values 

in  parentheses 

are  those  predicted  graphically 

as  discussed  below. 


main 
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Figure  12  shows  a  plot  of  1/M  versus  1/a  and  v  .  It  is  seen  that  the  lines 
of  1/a  vs.  1/M  and  vs.  1/M  are  parallel  to  each  other  and  the  points  for  LiF, 
NaCl  and  KBr  on  the  1/a  vs.  1/M  plot  precisely  define  a  straight  line.  Values 
of  a  for  NaF,  KC1  and  KI  are  thus  predicted. 

Based  on  the  above  discussion,  one  now  has  only  two  unknowns  in  eq.  (21) 

for  NaF,  KC1  and  KI.  What  remains  to  be  done  is  the  evaluation  of  the  parameters 

a  and  b. 
o 


4.6.  Final  Results  of  Data  Analysis 

Although  there  are  significant  amount  of  data  available  for  NaF,  measured 
in  a  wide  range  of  temperature  at  a  number  of  discrete  frequencies,  large  un¬ 
certainties  are  inevitably  introduced  through  the  rough  graphical  presentations. 
Examination  of  Figure  5  will  show  that  data  sets  measured  at  900  cm  1  and  1075 
cm  1  are  inconsistent  with  the  rest  of  the  data  sets.  Hence,  these  two  data 
sets  are  not  included  in  the  data  fitting  calculations. 

In  the  case  of  KC1,  frequency  dependence  data  are  only  available  at  room 

temperature.  Although  there  are  temperature-dependent  data  obtained  at  10.6  um, 

it  is  difficult  to  define  the  intrinsic  bulk  absorption  because  of  the  extrinsic 

absorption  band  at  9.7  ym.  As  a  result,  the  existing  temperature  dependence 

data  can  not  be  used  in  the  determination  of  a  and  b  and  one  has  to  rely  on 

o 

the  room-temperature  frequency-dependent  data  to  define  the  values  of  and  b. 
In  the  case  of  KI,  only  the  room-temperature  frequency-dependent  data  are  avail¬ 
able. 

Least-squares  data  fitting  was  carried  out  for  NaF,  KC1  and  KI.  For  LiF, 
NaCl  and  KBr,  the  values  of  aQ  and  b  were  redefined  by  the  least-square  fitting. 
The  final  results  of  data  fitting  yielding  the  constants  a  ,  a,  b,  and  c  used 
in  eq.  (21)  are  given  below: 


v  cm_1 

a,  cm 

b,  cm  1 

c 

LiF 

104.512 

0.002237 

44.1 

5.434 

NaF 

1q5 . 480 

0.00437 

108.4 

5.434 

NaCl 

101*’  978 

0.00591 

94.5 

5.434 

KC1 

106.419 

0.00700 

230.2 

5.434 

KBr 

104.941 

0.00886 

90.2 

5.434 

KI 

1q6. 31  ! 

0.0098 

207.3 

5.434 

KI 


aili 


Alkali  Halides  as  a  Function  of  1/M 
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4.7.  Recommended  and  Provisional  Values  of  Absorption  Coefficient 

Equation  (21)  is  proposed  to  yield  the  absorption  coefficient  as  a  function 
of  frequency  and  temperature  in  the  multiphonon  absorption  region  and  in  the 
temperature  region  where  T  S  300  K.  Uncertainties  in  the  predicted  values  are 
in  the  range  of  10%.  In  the  case  of  KC1  and  KI,  this  uncertainty  is  applicable 
to  room  temperature  only.  At  higher  temperatures,  a  higher  uncertainty  should 
be  assigned  and  the  resulting  values  should  be  considered  as  provisional  because 
limited  data  were  available  in  the  determination  of  the  parameters  aQ  and  b. 

Recommended  and  provisional  values  are  calculated  using  eq .  (21)  and  are 
given  in  Tables  21  and  26.  For  visual  demonstration.  Figures  13  to  18  are  pro¬ 
vided  to  show  the  "crossover  point"  and  the  calculated  absorption  spectra  at 
various  temperatures. 


Calculated  Absorption  Spectra  of  Lithium  Fluoride 


TABLE  21.  RECOMMENDED  UALUES  OM  THE  INFRARED  ABSORPTION  COEFFICIENT  OF  LITHIUM  FLUORIDE 
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Absorption  coefficients  at  temperatures  other  than  300  K  are  provisional  values. 


TABLE  25.  RECOMMENDED  VALUES  ON  THE  INFRARED  ABSORPTION  COEFFICIENT  OF  POTASSIUM  BROMIDE 
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Figure  18.  Calculated  Absorption  Spectra  of  Potassium  Iodide 


RECOMMENDED  UALUES  ON  THE  INFRARED  ABSORPTION  COEFFICIENT  OF  POTASSIUM  IODIDE: 
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5.  SUMMARY  OF  RESULTS  AND  RECOMMENDATIONS 

The  purpose  of  the  present  work  is  to  survey  and  compile  the  available  data 
on  the  absorption  coefficient  of  alkali  halides  and  to  generate  recommended  values 
on  the  absorption  coefficient  in  the  infrared  region  through  data  evaluation 
and  analysis. 

Results  of  this  investigation  are  reported  in  two  separate  reports.  Part  I 
and  Part  II.  The  first  report  (Part  I)  contains  essentially  the  current  status 
of  available  data.  Material  was  comprehensively  compiled  and  displayed  so  that 
one  can  see  at  a  glance  the  distribution  of  the  available  data  with  respect  to 
frequency  and  temperature.  The  second  report  (Part  II)  is  devoted  to  the  anal¬ 
ysis  of  data  and  the  generation  of  recommended  values  of  absorption  coefficients. 
In  addition,  theories  currently  available  are  briefly  reviewed  to  enable  the 
reader  to  grasp  the  essence  of  the  theoretical  aspects  in  dealing  with  the  ab¬ 
sorption  phenomena. 

Available  data  can  be  classified  into  three  categories:  those  in  the 
Urbach  tail  region,  the  high  transparent  region,  and  the  multiphonon  absorption 
region.  The  Urbach  tail  is  located  in  the  uv  absorption  edge  of  the  transparent 
region.  The  Urbach  rule  appears  to  be  valid  in  this  region.  Measurements  of 
absorption  coefficients  as  a  function  of  frequency  at  various  temperatures 
enable  the  formulation  of  the  expressions  for  the  Urbach  rule,  eq.  (1).  These 
equations  are  useful  in  predicting  the  intrinsic  absorption  coefficients  for 
alkali  halides.  Comparing  the  predicted  results  with  the  experimental  data  in 
the  tail  region,  the  extent  of  impurity  and/or  defect  in  the  samples  is  revealed. 
It  is  not  known  how  far  the  Urbach  rule  can  be  extrapolated  into  the  transparent 
region.  Experimental  data  on  ultrapure  samples  are  required  to  ascertain  this, 
however,  the  existing  data  are  less  than  adequate  to  provide  such  evidence. 

The  absorption  coefficient  in  the  high  transparency  region  is  low  in  general. 
Factors  that  contribute  to  absorption  are  sometimes  uncontrolable  or  inevitable. 
Predominant  ones  are  impurities,  defects,  and  surface  contamination.  The  effects 
of  these  factors  are  reflected  in  the  absorption  spectrum  by  the  existence  of 
color  centers  and  high  absorption  coefficients  as  discussed  in  Part  I. 

Low  absorption  coefficients  at  laser  wavelengths  are  of  particular  interest 
in  laser  applications.  Unfortunately  laser  wavelengths  are  located  near  the 


L. 


i 


80 


multiphonon  absorption  region.  Factors  that  introduce  extrinsic  absorptions 
into  this  region  will  therefore  increase  the  absorption  at  laser  wavelengths. 

For  this  reason,  while  numerous  investigations  were  conducted  in  this  region, 
the  results  are  still  less  than  satisfactory,  particularly  in  the  theoretical 
understanding  of  the  temperature  dependence  of  the  absorption  coefficient. 

Based  on  the  considerations  given  above,  the  present  work,  is  naturally 
focused  in  the  multiphonon  absorption  region.  We  have  developed  an  equation 
that  describes  the  absorption  coefficient  as  a  function  of  both  frequency  and 
temperature.  In  contrast  with  the  Urbach  rule  for  the  uv  absorption  edge,  we 
have  established  an  expression  for  the  infrared  absorption  edge.  These  expres¬ 
sions  are  of  the  same  form  and  the  parameters  in  the  corresponding  equations 
are  similar.  Compared  with  Deutsch's  expression,  we  have  extended  the  dependence 
of  the  absorption  coefficient  to  include  the  temperature  in  addition  to  frequency. 

Unless  one  is  satisfied  with  the  meager  available  data  having  uncertainties 
of  10%  or  more,  serious  consideration  should  be  given  to  conducting  improved 
measurements.  A  systematic  measurement  program  on  the  absorption  coefficient 
should  be  carried  out  keeping  in  mind  the  following  considerations: 

1.  Experimental  method:  Needless  to  say,  surface  absorption  is  objectionable 
in  the  determination  of  bulk  absorption  coefficient.  Particularly  at  low 
bulk  absorption,  surface  absorption  may  predominate.  As  in  most  cases, 
the  surface  absorption  is  persistent  even  though  the  sample  is  laboriously 
and  carefully  polished  and  treated.  In  order  to  reduce  or  minimize  the 
interference  of  surface  absorption,  measurements  should  be  made  on  long 
specimens,  so  that  the  contribution  from  the  surface  is  negligible.  This 
can  be  done  since  the  absorption  per  unit  surface  is  usually  low  and  there 
are  only  two  surfaces  to  be  considered  for  each  specimen.  Long  specimens 
should  be  exclusively  used  whether  the  method  is  a  laser  calorimetry  or  a 
simple  transmission. 

2.  Sample  characterization:  As  the  impurity  content  of  the  sample  strongly 
affects  the  results,  the  impurities  in  the  sample  should  be  ascertained 
and  reported.  Merely  characterizing  the  sample  as  "ultrapure"  or  "high 
purity"  is  not  adequate.  The  nature  and  amount  of  impurities  should  spe¬ 
cifically  be  reported.  In  order  to  see  the  effects  of  impurities  on  the 
results,  measurement  should  be  carried  out  on  a  series  of  specimens  with 
systematically  controlled  impurities. 
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3.  Environmental  conditions:  Among  the  controlling  parameters  for  absorption 
measurement,  temperature  appears  to  play  the  key  role  in  the  accuracy  of 
the  results.  As  the  radiation  travels  through  the  sample,  it  looses  its 
power  along  the  way  through  the  absorption  process  in  the  sample.  The 
lost  radiation  energy  is  then  transformed  into  thermal  energy  within  the 
sample.  As  a  result,  the  local  temperature  may  be  considerably  higher  than 
that  obtained  from  the  thermocouple  devices.  It  is  therefore  strongly 
recommended  that  a  pulsed  radiation  source  be  used  to  minimize  such  errors. 

4.  Broad  wavelength  coverage:  Some  materials  have  relatively  high  intrinsic 
absorption  at  certain  wavelengths.  However,  it  has  been  made  clear  by 
the  advances  of  laser  technology  that  laser  wavelengths  are  no  longer 
limited  to  the  2-6  pm  or  to  10.6  pm.  New  developments  have  shown  that 
laser  action  can  be  produced  at  other  wavelengths  in  the  near  infrared, 
visible,  near  ultraviolet,  and  ultraviolet  regions.  There  is  little  doubt 
that  thorough  investigation  on  the  absorption  coefficient  in  accessible 
wavelength  regions  should  be  made. 

In  conclusion,  it  should  be  emphasized  that  the  present  work  does  not 
resolve  the  discrepancies  between  the  available  data  sets,  it  simply  establishes 
the  most  probable  values  of  the  absorption  coefficient  that  a  pure  crystal 
alkali  halide  may  have  with  the  quoted  uncertainties.  Also,  it  should  be 
remembered  that,  as  in  any  statistical  study  of  this  type,  eq.  (21) 
is  valid  only  to  the  reported  accuracy  and  within  the  region  of  experimental 
data  it  is  based  on.  In  general,  extrapolation  of  the  equation  for  use  outside 
of  this  region  is  invalid  for  quantitative  results.  Finally,  the  type  of  anal¬ 
ysis  presented  here  assumes  the  model  is  an  absolutely  correct  representation 
of  the  data  at  hand,  which  is  not  generally  true  since  the  model  is  an  over¬ 
simplification  of  the  true  behavior  of  matter.  However,  for  predictive  purposes, 
based  upon  the  experimental  data  from  several  sources,  and  within  the  usable 
region  of  the  data,  we  believe  that  eq.  (21)  is  valid  for  calculation  of  the 
absorption  coefficient  in  the  given  wavelength  and  temperature  regions.  It  is 
important  to  point  out  that  the  rule  established  in  the  present  work  is  for  the 
temperature  region  where  T  2  300  K. 
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APPENDICES 

Materials  covered  in  Part  I  of  the  report  are  for  LiF,  NaF,  NaCl,  KC1,  KBr, 

KI  and  Csl.  However,  data  compilation  for  the  other  members  of  alkali  halide 
group  was  also  conducted  during  the  course  of  this  work.  In  order  to  provide 
the  reader  a  complete  source  of  references,  available  data  on  these  materials 
are  given  in  the  Appendices.  Presented  in  Appendices  A,  B  and  C  are,  respectively, 
the  data  on  the  absorption  coefficient,  transmission  and  reflectivity.  Data  are 
not  necessarily  available  for  every  member  of  the  family  nor  adequate  for  data 
evaluation  and  analysis.  As  a  consequence,  only  raw  experimental  data  are  re¬ 
ported  in  the  form  of  tables.  These  tables  are  of  the  same  format  as  those  of 
Tables  3  to  20,  and  are  designated  by  the  prefix  letters  A,  B  and  C  in  the 
corresponding  Appendices. 


T*BLE  A2.  EXPERIMENTAL  DATA  OH  THE  ABSORPTION  COEFFICIENT  OF  LITHIUM  IODIDE 
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TABLE  A3.  SUMMARY  OF  MEASUREMENTS  ON  THE  ABSORPTION  COEFFICIENT  OF  SODIUM  BROMIDE 
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MEASUREMENTS  ON  THE  REFLECT IU I TY  OF  LITHIUM  CHLORIDE 


TABLE  C2.  EXPERIMENTAL  DATA  ON  THE  REFLECTIVITY  OF  LITHIUM  CHLORIDE 
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TABLE  C3.  SUMMARY  OF  MEASUREMENTS  ON  THE  REFLECTIUITY  OF  SODIUM  IODIDE 
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TABLE  CIS.  EXPERIMENTAL  DATA  ON  THE  REFLECTIVITY  OF  POTASSIUM  FLUORIDE 
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TABLE  C14.  EXPERIMENTAL  DATA  ON  THE  REFLECTIVITY  OF  RUBIDIUM  FLUORIDE 
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